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Chapter 1 – Introduction to Plasmas
What is plasma?
After gases, the fourth state of matter is known as a plasma. Plasmas are described as an “ionized
gas” that has a subset of parameters uniquely distinct to them [1]. First named plasma in 1928 by
Irving Langmuir, a plasma consists of a significant number of electrically charged particles, which
allows effects towards keeping its overall electrical properties, and behaviors that are uniquely
different from gases. This effect on its overall electrical properties allows for plasmas to be
manipulated using electric and magnetic fields, which provides an array of practical uses in modern
society. Furthermore, 99% of the observable universe is constituted from plasma, which allows it
to have diverse fields of research associated with it. Plasma TVs, microprocessors, thermonuclear
fusion, astrophysical stars, and even fluorescent lamps are all related because they are produced or
utilize plasma physics in some shape or form to produce their overall effect [2]. Since there are
vastly different areas of plasma research, it is important to describe certain parameters that are
associated with all types of plasmas, as well as the main groups that have specific differences in
classifications of these plasmas.
As stated previously a plasma can be described as an “ionized gas”. A plasma is a state of
matter that contains enough free charged particles for its dynamics to be dominated by
electromagnetic forces. Even at small levels of ionization, a gas will start to exhibit
electromagnetic properties. In terms of ionization, plasma is considered the fourth state of matter
6

because its constituent matter is found in different in physical states based on the random kinetic
energy (thermal energy) of their atoms or molecules and the equilibrium between the particle’s
thermal energy and the interparticle binding forces [2]. When a solid or liquid substance is heated,
the atoms and molecules acquire more and more thermal kinetic energy until they can overcome
the binding potential energy, which leads to a phase transition. At sufficiently high temperatures,
an increasing fraction of atoms in a gas will possess enough random kinetic energy (thermal
energy) to overcome (through collisions) the binding energy of the outermost electrons and an
“ionized gas” or plasma is created. While it is not necessarily a phase transition, the dynamics of
the gas are now dominated by electromagnetic forces and self-sustaining which constitutes a new
state of matter, known as a plasma [2].
Plasma Distinction
A plasma therefore can be generated by raising the temperature of a substance until a
fraction of it is ionized. An important plasma parameter generated from this is the degree of
ionization and determined by the proportion of charged particles to the total number of particles
including the neutrals. Higher degrees of ionization usually need much higher temperatures to
sustain themselves, which is why they are mostly observed as astrophysical plasmas (stars or stellar
events/collisions). Plasmas are then differentiated into two distinct groups based on whether the
plasma is or is not in local thermal equilibrium. Hot or thermal plasmas, sometimes further referred
to as high temperature plasma, have electrons and other particles (ions and neutrals) which all have
the same temperature and are therefore in thermal equilibrium. Nonthermal or cold plasmas,
further denoted as low temperature plasmas, have electrons that reach temperatures of 10,000
Kelvin, while other particles in the gas remain close to room temperature. These electrons are
therefore mostly the main energy carriers in nonthermal or cold plasma, but because of the size of
7

electrons relative to the other atomic particles (neutrons and protons) the bulk gas can remain at
relatively low temperatures. Due to this, cold plasmas are relatively easy to generate in a laboratory
setting and are available to be used for consumer and industrial applications [2]. The main purpose
of this Thesis is to illustrate specific effects related to nonthermal or low temperature atmospheric
plasma being generated in laboratory conditions. Therefore, for the purposes of explanation,
everything henceforth in relation to plasma will focus only on low temperature atmospheric
plasmas.
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Chapter 2 – Low Temperature Atmospheric Plasmas
Low temperature plasmas have garnered significant interest due to their widespread and
increasingly researched applications in multiple fields of science. Biological sterilization, chemical
catalysis, and surface modification are just a few of the numerous aspects of cold plasma research.
The first step in cold plasma research is determining what plasma generation sources can be used
for the specific application. Depending on environmental factors, this can be in vacuum chambers,
or in the atmosphere. A wide range of gases and plasma generators have been tested and
increasingly researched for their parameters. In this study, the choice of gases were helium (H2)
and air which will be explained in further detail.
Paschen's Curve and Atmospheric Plasma Generation
Since plasmas can be generated by providing energy to a substance until it is partially ionized,
there are many ways this can be accomplished. In a laboratory setting, cold plasmas are routinely
generated through very distinct methods which can be applied to a broad category of
environmental parameters. These methods usually involve energy being applied to the plasma in
the form of electricity that passes through a gaseous mixture. Plasmas being generated through
electricity were then investigated and found that the amount of energy needed to create a plasma
in a specific gas was related to the partial gas pressure regardless of how the energy is achieved.
This investigation led to the understanding of that correlation through Paschen's Law. Paschen's
law is the equation that gives the breakdown voltage, which is the voltage necessary to start a

9

Figure 1. Paschen's curve for four different gases illustrating how there is a relationship between pressure x gap
distance (pd) and breakdown voltage.

discharge between two electrodes in a gas as a function of pressure and gap length. Many things
from this relationship lead to better understanding of plasma generation and diagnostics.
Figure 1. above has various curves for the different gases being used as test samples to
generate plasmas. These curves show that for almost every gas being used for electrical plasma
generation, there is a minimum voltage and pressure necessary for a discharge to occur. However,
while the curves show that as the pressure gets lower, the necessary voltage for a spark also
decreases, this phenomenon happens until certain gases reach their minimum breakdown voltage
pressure. This is the gas pressure needed for a plasma to occur regardless of the amount of voltage
being used. While all gases follow this curve, each gas has its own minimum pressure x gap
distance (pd) for a breakdown voltage to occur. This minimum pd relates to the gases composition
10

and most times can be experimentally found. The investigation of Paschen's Law was done within
a vacuum chamber, creating a distinction between plasmas that are formed in open atmosphere,
and in pressure controlled chambers (i.e. vacuum chambers).
As shown in the various Panchen’s curves, decreasing the pressure lowers the breakdown
voltage. To generate plasmas at lower pressures than atmosphere, an artificial pressure
chamber/vacuum chamber was required. However, this research allowed for better understanding
of atmospheric pressure low temperature plasma generation. While it is possible to create low
temperature plasmas in the atmosphere by having the minimum voltage for a breakdown to occur,
you can also lower this breakdown voltage in air by having small compositions of other gases
present to lower this breakdown voltage. Looking at the chart the gases that would be most useful
for this purpose are the noble gases Helium, Neon, and Argon due to their low breakdown voltage
relationship. In this study helium was the choice gas and the plasma was generated in the
atmosphere air. Helium is unique in that it can lead to increased creation of reactive species due to
an effect known as Penning ionization. In addition, because it is a small molecule, using a small
% admixture to air allows for the lowering of the breakdown voltage of the overall gas. This means
that the required energy input to create a plasma in air would be higher than air mixed with e.g.,5%
helium gas. This energy efficiency and Penning ionization allows for plasmas to be generated in
the atmosphere easily with an abundance of reactive species.

Dielectric Barrier Discharge (DBD)
Dielectric Barrier discharges (DBD) are well studied and understood for use in plasma generation.
The first experimental research looked at ozone generation via the DBD configuration. DBD
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plasma generation refers to an Alternating Current (AC) voltage generator connected to two
electrodes, where a dielectric is placed somewhere in between the electrodes in a uniform manner
leaving a small gap between the electrodes. DC voltages cannot be operated with DBD electrode
configuration as the capacitive coupling of the dielectric is a result of the use of an AC electric
field driving a displacement current [38]. As soon as charges accumulate on the dielectric, they
have an influence on the fields around it. When DBDs are used in atmospheric pressure with
insulated electrodes, breakdown occurs in many tiny channels known as microdischarges. If an
overvoltage is applied to the discharge gap, the electrons reach a critical stage where space charge
accumulation leads to the possibility of very fast streamer propagation occurring. This is known
as filamentary discharges, where thin conductive channels are formed. On the surface of the
dielectric, the microdischarge channels spread and create surface discharges across a larger region
than the initial channels. A cycle of charge builds up and then extinguishing on the surfaces of the
dielectric occurs within a few ns due to this build up affecting the local field and causing a
termination of current flow in the microdischarge. The dielectric limits the amount of charge and
energy deposited in each microdischarge, and evenly distributes these microdischarges over the
entire electrode surface. When the voltage is rising, additional microdischarges are made at new
locations because residual memory charges on the dielectric are now reducing the electric fields at
positions where they occurred. Once the voltage is reversed, microdischarges form at the old
locations from previous charge build up. This residual or memory effect from charge build up is a
common feature to all DBDs [3,4]. Different configurations are possible for electrode and
dielectric placement which will generate entirely different plasmas and electrical parameters. For
a discharge to be generated within this gap the voltage must be high enough for a breakdown to
occur. DBD plasmas generated with cylindrical electrodes typically have a gap from between 0.1
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mm to a few 10s of millimeters. To generate the plasma in the atmosphere, a gas is flown between
the gap with voltages ranging from a few 100 Volts to Kilovolts are generated from the power
source [5]. Below is a typical range of characteristics for DBD discharges described from a review
of nonequilibrium Plasma discharges [6].
Table 1: Typical Characteristic parameters of microdischarges in air using DBD (1mm gap)

In atmospheric DBD plasma generation adheres to the same effects understood in
Paschen’s Curve. Different gases have different breakdown voltages. However, plasma generation
is also affected by dielectric type, electrode type, placement, gap size, and electrical parameters.

Important DBD Plasma Interactions and Plasma Chemistry
When a plasma is created, at the point of creation there are numerous reactions taking place
transferring the energy from the source throughout the whole plasma. The timescales of the plasma
generation directly relate to when these processes occur. These processes are separated into distinct
reactions related to what is occurring and they are as follows [7]:

13

(a) Excitation of electronic states, destruction and ionization of neutral particles by electron
impact.
(b) Associative ionization
(c) Recombination of electrons and positive ions
(d) Associative ionization
(e) Electron attachment and detachment processes
(f) Processes with participation of ground electronic state particles.
(g) Negative ions
(h) Positive ions
(i) Recombination of positive and negative ions
Of these processes, the reactions taking place in an atmospheric air nonthermal plasma of
importance to the plasma chemistry are the reactive oxygen and nitrogen species. They will be
discussed in further detail for the specific chemicals that were identified in this study.
Certain gases when used for plasma generation have added effects in the generation of
specific chemicals. In the case of the plasma jet used in this study, Helium gas also has a
phenomenon known as Penning ionization. Penning ionization allows for the helium metastable
(He+) to create ions with the other chemicals present. In this study, atmospheric air is used with
helium and therefore the ions of nitrogen and oxygen are aided in their formation through Penning
ionization.
Plasma Chemistry
Low temperature plasmas have unique reactions providing the creation of useful chemicals
related to reactive oxygen and nitrogen species. Air being the medium for atmospheric low
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temperature plasma is composed of mostly nitrogen and oxygen with some trace elements of CO2
and other noble gases. This leads to different reaction paths and the formation of different
electronically excited molecules and compounds made from N, O and H if water is present. These
chemicals are known as reactive oxygen and nitrogen species (RONS).
The importance of reactive oxygen and nitrogen species (RONS) within the field of biology
and chemistry is extremely high as biomedical research looks to expand its knowledge on the roles
that specific levels of oxidative stressors and related mediators have been described to play in
major human diseases, as well as understanding the signal mechanisms present in plants and
animals due to this stress [8]. This includes animal cell signaling mechanisms, plant cell signaling
mechanisms, immune system responses, wound healing, agricultural process and so forth. Of
importance for this study are the reactive oxygen and nitrogen species that can be identified from
the plasma as well as their effects.
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Chapter 3 – Plasma Agriculture
Many different plasma-processing approaches have been developed ranging from thin film
deposition, surface cleaning and etching, medical and industrial sterilization, and a wide range of
industrial processes. Most of these processes involve low temperature plasmas that are also at low
pressure within a vacuum chamber. This is to lower the energy required to produce the initial spark
for a voltage breakdown, as well as the ability to control the composition and accurate quantity of
materials being used for the reaction. This includes the flow gas, substrate and catalyst that may
be used.
Plasma Agriculture encompasses different aspects of plasma reactions, being applied to plant
cells and cultivation. They are mostly separated into three parts focusing on
a. Sterilization
b. Localized treatments
c. Chemical generation

a. Plasma Agricultural Sterilization / Microbial Inactivation
Plasma agricultural sterilization relates to the sterilization effect that has already been used in
medicinal applications. This is where low temperature atmospheric plasma is generated in an
atmospheric setting and used on the treatment of organic and synthetic surfaces inhibits the growth
of microbes in or around the surface treated with the atmospheric plasma. The atmospheric plasma
as stated produces reactive oxygen and nitrogen species. On a microbial and cellular level, these
reactive species promote oxidation of these microbes, whether they are fungi, bacteria or viral in
nature [9]. It is generally well understood that these oxidation reactions destroy the cell wall of

16

these different microbes, inhibiting growth [10]. Plasma sterilization is most effective based on
the area of interaction, and distance away from the effective jet distance of plasma treatment
distance [9].
This effect is beneficial for industrial plant tissue processes such as grafting, tissue cultures
and cloning, which involve a high degree of sterility to work. Various seeds have used the
sterilization of plasma to have a beneficial effect on the initial germination of the seed [11]. When
plants are treated prior to initial germination, one of the effects on the seed relates to the
sterilization of the seed of microbes, which could stunt/inhibit growth of the seedling in those
stages [11]. This decontamination also would inhibit different pathogenic microorganisms that
originate from a sprout, which can lead to outbreaks of foodborne illness [12].This plasma
sterilization effect isn’t limited to living plant tissue, as full plants, raw plant material, and
processed foods have also been researched for nonthermal plasma activation, thought the nature
of the effect of the sterilization has varied [12]. In industrial settings, Plasma Activated Water
(PAW) has become a staple of plasma agriculture. PAW is cost effective to use compared to other
sterilizing agents, and microbes do not develop resistance to the oxidation effect used on the water.
The water would contain amounts of hydrogen peroxide and nitrate/nitrate ions, that can survive
for extended periods of time [13]. As it stands, it is hard to replace the usefulness of PAW in
agricultural research for its ease of accessibility and it’s consistent results of inactivation of
microbes [14].

b. Plasma Agricultural Localized Treatments
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Surface treatments involving plasmas tend to involve treating a surface with various types of
plasmas and observing topological effects. In the agricultural aspect, this also applies as well as
determining if the overall effect is beneficial to the plants. In addition to the sterilization effect
being used in terms of different aspects of the agricultural process (from germination to
processing), the plasma surface treatments of plant cells have been researched on different stages
of plant development and the processing. These surface treatments produce the same inactivation
of microbes effect however further research suggests that nonthermal atmospheric plasma surface
treatment of seeds modifies the surface [15]. In modifying the surface the researched effect on the
seed is seen as an increased wettability of the seed, leading to an increase in the speed of
germination [16]. There is some debate on whether this is a chemical or physical change as some
research attributes the increased wettability due to the oxidation of the surface from the plasma
treatment [16] while others attribute it to the discharge itself creating micropores or channels on
the seeds surface. This might lead to an increase in uptake of water into the seed [17]. In plant
science, the addition of extra pores or channels on a seed is known as scarification and in most
cases is accompanied with sterilization of the seed [18]. This is because the increase in pores also
makes the seed susceptible to disease and can stunt or inhibit germination. In all cases, research
suggests an increase in germination time that is distinct from the inactivation of microbes. While
both the sterilization and water uptake effects are attributed to the plasma surface treatment when
it is applied, an increase of water uptake from plasma treatment has had a consensus that an
increase of germination comes from it.
c. Plasma Agricultural Chemical Generation
As discussed in the Plasma Chemistry section, low temperature plasmas can generate specific
chemicals in and out of the atmosphere. In the atmosphere, most chemicals are generated as

18

nitrogen (N2) and oxygen (O2) species because of their abundance in the air. PAW is an example
of using plasma to generate chemicals in water and using it in agriculture. However, when
discussed previously it was mentioned that water would have an abundance of hydrogen peroxide
ions for sterilization. In plasma agricultural chemical generation, the chemicals generated are
studied as they affect plants. Ozone generated from these are known phytotoxic gases in large
quantities and have a negative effect on plants. These effects include stunted growth, physical
damage to growing plants and decreasing nutritional value of the plant and its products [19].
Research suggests that continuous concentrations as low as 25 ppm over extended periods of time
(4 - 6 hrs.) can cause some permanent effects to plants that are immediate and some that are only
seen weeks after. A consensus is that numerous physical negative effects can occur such as
chlorosis, bronzing of leaves and generally reaching senescence (old age) much earlier than plants
not exposed to ozone [20,21].
Atmospheric low temperature plasmas have RONS (which includes ozone) at
concentrations that are not prolonged, and the concentration varies based on the type of plasma
source being used. In most cases, research with plasma jets and plant cells have exposure times
limited to less than 30-minute cycles [22,23]. These treatments, while similar to ozone being used
in other aspects of plant research, focuses on an effect known as oxidative stress, which opens up
a defense mechanism in plants. Oxidative stress is an abiotic stress (environmental) that opens
pathways in plants that would not have opened previously. In plants there are various pathways
and mechanisms that tell plants how to grow, and what gene expression is available or should
occur based on the environment. This oxidative stress promotes a positive effect in the various
pathways and has a consensus that acute oxidative stress can cause plants to produce an unnatural
amount of specific antioxidant chemicals within them. This is known as ROS signaling [24]. These
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antioxidants are used in the detoxification of the radical oxygen species causing oxidative stress,
as well as the plant going into recovery mode and producing chemicals to enhance growth as well
as protect the plant (like an immune system). Some research suggests that the effect is similar to
pathogen related responses in plants [23,25]. These effects are being researched to determine if
they occur in tandem with the physical damage plant cells go through, and papers suggest that the
damage occurs at longer timescales while the generation of chemicals, proteins and a change in
gene expression would occur rapidly [26]. The newest research in plasma agriculture have
discussed the possibility of real industrial applications in the aspects of cultivation and processing
within the food technology world due to the display of effects being seen [7].
Generally, most research falls somewhere in between these topics, where research in
agriculture and plant science is the focus. In most cases, the effects outlined are used in
combination because it is very hard to separate the plasma used in treatment into its different
effects of chemical generation and sterilization (as the sterilization occurs from the chemical
generation).
This study aims to discuss and quantify the different RONS species being produced from
a nonthermal atmospheric plasma jet, and to argue that the while there are different species being
displayed here and they seem separated by what they induce on the plant, there is evidence to
suggest that the reactive species in the presence of water is a common factor behind them.
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Chapter 4 – RONS and Basil Plants
Basilicus Oscium is one of the most widely used herbs in the culinary and herbal medicine world.
The plant is known to be used as an important spice in many dishes, as well as a herbal remedy
derived from the plant and its constituent oil. Native to central Africa and Southeast Asia, basil is
mass produced and is well known in many cultures. Basil is an aromatic shrub that has a variety
of different species that differ in genotype and chemical profile. There are specific varieties
harnessed for their medical benefits (Tulsi / holy basil) and others for their flavor profile and
chemical composition. Generally used fresh or dry in a wide variety of dishes, basil can be
concentrated into an oil via chemical extraction, creating basil essential oil. This oil and other
aromatic extracts are important components of food products, dental products, pharmaceuticals,
and cosmetics, making their study very important.
Basil composition and its essential oil can be characterized by their most prevalent
phytochemicals. There are monoterpenoids (linalool), polypropanoids (eugenol), and
sesquiterpenoids (B-caryophyllene). Table 2, provides a list of the common chemicals in most
types of basil.
The variation and concentration of components is based on region, method of cultivation
and methods of extraction [27]. While being used predominantly as a flavoring, basil and it’s
essential oil have garnered research in the field of antioxidants due to some of its primary
components (phenolic and polyphenolic compounds) [28] being used as preservatives for food and
other non-shelf stable items (pharmaceuticals).The preservatives made from basil oil are created
using antioxidant molecules in sacrificial
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Table 2. Main components of Basil oil. These components are typically found in many different concentrations based
on the variety of basil as well as growth conditions.

reactions to reduce the amount of oxidation within an oxidation reaction known as lipid oxidation
(autoxidation). Lipid oxidation occurs in fats and oils (meats) where the process begins with (1)
initiation where an H-atom abstraction creates an alkyl radical (R). (2) the alkyl radical reacts with
oxygen to form a peroxyl radical (ROO*) that attacks another molecule of lipid substrate to yield
a hydroperoxide and a radical which repeats the process. (3) Termination, where the radical
species react with each other to stop the reaction. Fats and oils turn rancid very quickly due to this
degradative process. Antioxidant compounds become sacrificial molecules that compete with
other radicals for the peroxyl radical to oxidize more rapidly, and form species that do not
propagate after the Initiation stage of the reaction. This allows for a longer preservation of oils and
fats which are major components in foods and other household products [29,30,31].
22

Research is being done to find the comparative results between basil antioxidant
components and artificial antioxidant chemicals such as BHT and BHA that are already used in
ingestible products (food and pharmaceuticals). BHA and BHT however have been shown to have
adverse effects on the human body [28]. Basil oil already has known antimicrobial effects,
however in combination with its increased antioxidant effect it would be able to compete with
artificial preservatives that are in use [32,33,29].
In relation to plasma treatment, prior research suggests that oxidative stress on plants leads
to an increase of antioxidant compounds that break down these oxidative compounds, similarly to
the lipid degradation. Because nonthermal atmospheric plasma produces small amounts of RONS,
the intention is to see if there is any relationship between plasma treatments on the growth of
plants, and the overall antioxidant composition of the basil and its oil after harvest. While the end
goal is to look at basil composition, this study intends to also look at the effects of plasma on the
entire plant. This will provide an overall understanding of plasma agriculture from seed to harvest
to determine how low temperature plasma will influence cultivation of the plant. Basil has a similar
composition to other herbs and is therefore a good test subject for comparison to other herbal
plants. Of importance are the growth rate and overall health of the basil plants, and the composition
and antioxidant activity (AA%) of the extracted essential oil.
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Chapter 5 – Experimental Setup
The goals of this study is to:
(a) Investigate and try to quantify the reactive oxygen and nitrogen species (RONS) being
generated from our low temperature atmospheric plasma jet
(b) Investigate and quantify the effect of the low temperature atmospheric plasma on Oscium
Bascillicum and its extracted oil related to the specific treatment being done
(c) Determine if there is a relationship between the plasmas reactive species, and the treatment
on the basil plants
(d) Characterize this effect based on other effects found in literature
For this reason, the investigation was separated into plasma physics characterization
(physical, electrical, chemical) and plasma agricultural characterization (biological). Physical
characterization consisted of analysis of the materials and plasma generation through
measurements and descriptions of the phenomena being applied. Electrical characterization
consisted of electrical parameters that were measured using a high voltage passive probe
(Tektronix P6015A) with a bandwidth of 75 MHz and a wide band current monitor (Pearson Model
6585) to take readings along the high voltage cable coming from the plasma’s power supply. A
Tektronix MSO 4054 mixed signal oscilloscope with a sampling rate of 50 mega- samples per
second and a bandwidth of 500 MHz were used to obtain the waveforms and values of the
generated plasma.
Chemical characterization consisted of analysis using emission intensities from 300 nm to
800 nm using optical emission spectroscopy (OES) with a 0.75-meter Princeton Instruments Acton
SP2750 spectrometer coupled with a PI-MAX 3 1024i ICCD camera. The plasma emits light that
24

enters a slit (100 μm) and is diffracted with a 300 grooves/mm (Blazed 500 nm) grating to disperse
specific peaks. For these measurements, the effluent was 3 cm away from the slit and readings
were taken after 20 minutes of operation to confirm stable readings. The camera took and averaged
over 20 accumulations to ensure consistency among the data. The plasma jet treatments created a
pH change over time and were investigated using water (30ml) and a pH meter. The jet was placed
3 cm above the water and treated at various time intervals. After each treatment, the water was
tested and replaced where the approach was repeated.
Biological characterization consisted of analysis of the plants in two separate parts: During
their germination and growing stage, and the analysis of the extracted essential oil. During
cultivation, plants were measured biweekly using various measuring devices including Vernier
calipers, rulers, and measuring tapes. The length measurements taken were: (1) stem length, (2)
root length and (3) stem width. The lengths were measured from the outside of the hydroponic cup
housing to the tip of the longest point on the plant using a ruler or measuring tape when available
as shown below. Picture comparisons of both groups were done also to show the overall health
comparison of the plants. After 8 weeks, the plants were harvested where approximately 1000
grams were collected from each group, weighed, and deposited into a steam distillation receptacle.
Steam distillation was done for essential oil extraction for 1 hr. for approx. ~1000 grams
of plant material (specifically leaves of the plant). In steam distillation, the plant material is held
above a steam receptacle. Steam is used to heat the plant material as well as open the sacks on the
plant that contain the oil. The steam rises and condenses at the top of the column, carrying the oil
with it where it condenses and travels to a collection flask at another end. The small % of oil is
then floating on top of the water in the collection flask. For any remaining oil that was inside of
the condensing column and the sides of the collection flask, hexane was used to dissolve the oil
25

and allow it to still be separated from the water. In Extraction 1, the condensing column was not
washed with hexane to extract the miniscule amounts of oil that would be on the sides, while in
Extraction 2, the condensing column was washed. The hexane and water were separated, and the
hexane was evaporated using a rotary evaporation for about 15 - 20 minutes where some hexane
was left so the oil could easily be transferred to vials. The remaining oil was transferred to vials,
allowed to evaporate overnight and then collected, weighed and stored for the final steps of
analysis.
A small sample of both oils was then analyzed using antioxidant testing through DPPH
(2,2-diphenyl-1-picryl-hydrazyl-hydrate) free radical antioxidant assay using a protocol given
from [28]. The method followed used the solutions of oils extracted from the basil plants. These
samples were diluted to final concentrations of 250, 125, 50, 25, 15 ug/ml in methanol. The
dilutions were 5 ml and duplicates were made. A volume of 1.6 mL of a 0.3 mM DPPH methanol
solution was added to 4 mL of the sample solution in 10 mL glass cuvette tubes. Mixtures were
gently vortexed for 20 seconds and incubated in the dark for 30 min at 25 C. After 40 min, the
absorbance values (ABS) were measured using a spectrophotometer 20D+ at 518 nm. The
percentage of antioxidant activity (AA%) for essential oils were calculated using:

AA% = 100 - {[(ABS sample - ABS blank) x100]/ABS control}
4.0 mL of plant extract + 1.6 mL of methanol were used as blank. 1.6 mL DPPH solution + 4.0
mL were used as a negative control. DPPH has a strong absorption maximum at wavelength of
517 nm. As referred, to study [6] DPPH will change from purple to yellow when the odd electron
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is paired with a hydrogen from a free radical scavenging antioxidant to from reduced DPPH - H.
The decolorization is stoichiometric with respect to the number of electrons captured [28].
This assay gives insight into the antioxidant capabilities of the plant, and if there were any
changes from the exposure to the low temperature plasma treatment. The rest of the oil was
analyzed with 2D Gas Chromatography - Mass Spectrometer system where various specific
terpenes and antioxidant compounds were analyzed qualitatively to determine how the
composition of the plant changed while exposed to regular low temperature plasma treatments.
Treatment and Growing Protocol
The plasma treatment on plants was done in a repeated fashion every 2 weeks using the parameters
given in Table 3. As demonstrated in Figure 4, these treatments were done at a distance of about
3 - 4 cm away from the plants and done on each plant individually. 48 plants were separated into
two groups (control and treated) where the treated groups had treatments on their roots and stems
at 30 seconds each (total 1 min). Every two weeks the plants were treated up until the 10-week
mark where they were harvested and the leaves were used in a steam distillation extraction. The
essential oil was extracted from both treated and control groups and then analyzed
Table 3. Operational parameters for the cold plasma jet.
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Figure 4. Illustration of plants in different stages of treatments during their juvenile life and treatment
parameters table.
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Chapter 6 – Plasma Physics Results
I. Physical Characterization
Jet Construction and Operation
The plasma jet used for the entirety of this study consisted of a single electrode DBD- based
configuration. A Teflon® tube with an inner diameter of 4.3 mm, and outer diameter of 6.4 mm
(i.e. 0.25in), wall thickness of 1mm, and length of 15.3 cm. This tube is used as a dielectric medium
and placed in series on the interior of a 2.5 cm long steel electrode with an inner diameter of 6.4
mm, outer diameter of 1 cm, and wall thickness of 2.5 mm away from the Teflon tip. The electrode
and dielectric are placed in a 3D printed holder, with the electrode 47 mm away from the Teflon
tip. The jet was mounted in an upright position for treatments on a variable length stand. The
plasma driver is connected to the electrode via a high voltage cable. Helium gas is flowed through
tubing connected to the back of the plasma jet where it mixes with air at its output as seen in Figure
5.

Figure 5. Physical Construction and setup of jet. Ref. William Davis
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Figure 6. Schematic of plasma jet showing setup for cold plasma jet formation. Ref William Davis

This setup (Figure 6.) allows for a DBD effect to create a plasma jet as seen in Figure 7, which
comes out from the end closest to the bottom electrode. However, this setup uses only a high
voltage electrode and no ground electrode, leading to the plasm jet grounding out to whatever it is
touching. The jet produces a plume effluent that is purple, relating to the oxygen and nitrogen
content present in the atmosphere mixing with the helium feed gas. Jet length and plasma regimes
are variable from frequency, flow rate and voltage. The specific parameters used is discussed in
more depth in electrical characterization.
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Figure 7. Plasma jet mounted and in use showing plume that is light purple.

II. Electrical Characterization
Idle Measurements
The plasma jet was then connected to a high voltage alternating current power supply
(Amazing-One PV/DDR plasma driver). As demonstrated in Figure 8. to obtain electrical values
a high voltage passive probe (Tektronix P6015A) with a bandwidth of 75
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Figure 8. Setup for electrical Analysis of plasma jet using a high voltage probe, current monitor, and oscilloscope in
tandem to record data.

MHz and a wide band current monitor (Pearson Model 6585) were used to take readings along the
high voltage cable coming from the plasma’s power supply. A Tektronix MSO 4054 mixed signal
oscilloscope with a sampling rate of 50 mega-samples per second and a bandwidth of 500 MHz
were used to obtain the waveforms and values of the generated plasma. In Figure 9, the average
electrical parameters were calculated while changing the frequency of the plasma driver, and
allowing the jet to stabilize without the plasma jet effluent interacting with anything but the air.
Table 4. Illustration of the average electrical parameters of jet in idle mode at different frequencies.
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To illustrate the change in the current and voltage measurements, graphs of each data point at the
different measurements were made.

Figure 9. This graph illustrates the change in voltage (rms) of the jet when varying the frequency. There is not a
significant change between the different frequencies (1.72% average change).
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Figure 10. This graph illustrates the change in current (pk-pk) of the jet when varying the frequency. The average
change in current (pk-pk) was ~3.58%.

Figure 11. This graph illustrates the change in current (rms) of the jet when varying the frequency. The average change
in current (rms) was 5.63%.

34

These graphs show how each variable changes with increasing frequency. Current measurements
primarily increase where voltage remains the same.
Treatment Measurements
The plasma jets electrical characteristics during treatments were measured at ~26 kHz voltage and
were kept at ~10 kV AC. Electrical measurements were taken before and during treatments to
determine the changes. There is a noticeable overall energy efficiency drop and change when the
jet is in treatment versus when it is idle. This is hypothesized to be the plasma grounding out to
different materials creating these different electrical voltage drops.

(a)
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(b)
Figure 12. These illustrations (a) and (b) represent the drop in voltage and current during treatments.

Table 5. Illustrates the voltage drop seen on the oscilloscope during treatments.

The jet's electrical characteristics during the root treatment featured an average ~4% drop in
voltage and current while the stem treatment featured an average 2% drop in voltage and current
during treatment when they were compared to no treatment measurements.
III. Chemical Measurements

Spectroscopy
Emission spectra of the jet were taken at 26, 28 and 30 kHz and overlaid onto each other to
determine the peaks that were common to all of them.

36

Figure 13. Emission spectra of APPJ at various frequencies.

Table 6. Shows the species identified from the various peaks found in the emission spectra.
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Peaks were identified by intensity and then the chemical species was determined by looking up
the atomic and molecular emission lines on the NIST database website. Corresponding reactive
species were determined by different factors and compiled into a list labelling each peak. These
reactive species were then compiled into the specific chemical species they are related to below.
Table 7. Detected excited species chemical formula chart.

Table 8. Chemicals that were detected or predicted to be formed due to chemical kinetics supported by literature
research. Ref.[34]

These chemicals are a few of the species that were able to be detected through emission
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spectroscopy however there are other species identified in literature that are probably present but
are much harder to detect or are created and/or used up immediately due to reactionary processes
from other excited species. These reactive nitrogen and oxygen species are included in the table
below which lists the different excited species that would initially be produced in an atmospheric
plasma jet. [34]

Figure 14. Graph displaying pH versus activation time of plasma jet used in study when treated in water.

pH Measurements
The pH measurements were done as an analysis of the chemical change that occurs from low
temperature plasma treatments. Reactive species contribute to the change in pH when in the
presence of water. While this does not determine the exact species contributing to the change, it
can be used as a metric to compare different types of plasma generators and their effects. The
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results of this jet show an increase in pH and then a decrease after a certain number of minutes (1
- 5 min).

Figure 15. This graph illustrates a comparison of the cold plasma jet used in this study (circled with a green line) and
other jets used in Plasma activated treatments compiled by Thirumdas [34].

When used as a metric it can be compared with other jets based on their pH change and the
activation time this effect took to occur. This graph illustrates compiled papers from Thirumdas et
al where he compared different jets and characterized them based on effect, construction, and
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important parameters [34]. The jet used in this study achieved the largest pH change at around
6.78 after a 20 minutes of treatment period. Compared to other jets within the comparison graph,
the jet was on the lower end of the pH change that was achieved through plasma treatment of
water.
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Chapter 7 - Plasma Agricultural Results
III. Biological Measurements.
Plant Growth
In order to document and investigate plant growth, photographs were taken to illustrate the
various stages of growth during study over the 8-week period.

Figure 16. Photos of plants during the growing period of the study. A and C are plasma treated groups while B and
D are untreated or control groups. Plants were grown in the same setup and the treated groups were subjected to
repeated plasma treatments every 2 weeks using the cold plasma jet from this study.

The plants were separated into two groups and grown in the same conditions and
hydroponic setup. Plants were taken from the middle of the setup during weeks 3 - 7 and
photographed to show the plant’s psychological health. Plants A and C are a part of the cold or
nonthermal plasma treated group which were treated for period of 30 seconds for each plant in this
group. This treatment consisted of the each plant in the group being rotated in the juvenile stage
and exposed to the APPJ that was used in this study for 30 seconds on their roots, and 30 seconds
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on their stem and leaf area. The APPJ was kept at around ~3 – 4 cm away from the plant whenever
they were treated regardless of the size and age of the plant. Over the 8 week period the plants in
the treated group were treated every two weeks, and harvested at the end of this period. Plants B
and D are a part of the control group which were simply allowed to grow without any plasma
interaction. During the middle of the study (~4 weeks) the roots of two plants were taken as
comparisons.

Figure 17. This illustration shows the comparisons between the treated roots (A) and control roots (B) at 5 weeks
into the study.
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As shown in Figure 17, Roots A are the plasma treated group and Root B is part of the
control group. In addition to these photos, measurements were taken of the roots and stem length
over the growing period to look at changes and comparisons between the treated and control.
Average growth rate of the stems and roots were calculated and plotted as shown in Figure 18. to
better interpret the changes that may have occurred. Stem length and root length per week were
calculated by subtracting the previous week's data for each plant.

Figure 18. Graph of stem length every 2 weeks of the treated and control group plants

Stem length shows an average % increase of around ~9%. However as shown in the graph, most
of this change in stem length occurred towards the endpoint measurements that were taken (Week
5-7).
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Figure 19. Graph of the root length every 2 weeks of the treated and control plants.

Root length also showed an average % increase of about ~11%. The graph in Figure 19. shows an
increasing root length per week having the largest growth rate % change between the treated and
control at the end of the growing period.
Extracted Oil via Steam Distillation
The oil was extracted via steam distillation and the parameters were recorded. When extracted
using the setup, the interior of the oil holding column was washed with hexane to dissolve the
extracted oil. The hexane was evaporated off and the oil was transferred to vials. Extraction 1 used
hexane to dissolve the oil only in the holding column, while Extraction 2 used hexane to wash the
inside of the holding column and condensing column, as to increase recovery. However, both
treated and control were extracted at the same time using the specific method when indicated in
the right-side table below in Figure 20. The vials were then stored for further analysis.
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Figure 20. Photo and Chart of the treated oil samples extracted and compiled from the treated and control groups. 2
samples were gained from each group and oil was then analyzed

Table 9. Chart of AA% using DPPH Assay on the samples of extracted oil.

Antioxidant Activity % Testing
As shown in Table 9, antioxidant testing was done for BHT, commercial sweet basil, and the
extracted oils from the study using the DPPH procedure listed previously. The average Antioxidant
Activity (AA%) percentage was calculated after each sample was tested at different
concentrations. The difference between the plasma treated and control plants average Antioxidant
activity (AA%) was about 2 - 3 %. The first plasma treated plants had the highest average AA%
followed by the second plasma treated plants and commercial sweet basil extraction.
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GC-MS Analysis
A qualitative 2D GC-MS analysis of the treated and control groups previously mentioned. This
provided some insight into the chemical components mentioned that are present in basil and how
their GC chromatograms differ. This allowed for matching the components present in our research
study with the different compounds referenced in literature that make up basil oil.

Figure 21. 2D Gas Chromatography of different samples showing the various peaks that were gathered from each
sample.
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Figure 22. Example library matches of mass spectra for various components in basil that matched specific peaks
found in the gas chromatography of the samples.
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Chapter 8 – Discussion
Electrical Measurements
As mentioned, there is a predictable increase in current when changing the frequency of the plasma
driver power source is increased. Of importance was the drop in parameters of voltage and current
during the root and stem treatments. There was an average ~2% drop in the stem treatments and
4% drop in the root treatments electrical parameters. This will be linked to other aspects of the
treatment but define the important characteristics of the electrical measurements that were taken.
Chemical Measurements
A pH of 6.78 was measured after 20 minutes of activation time and translated to a pH % change
of 5.83%. RONS Species produced were OH-, O-, N+, N2+ and He metastable that leads to the
chemical formation of other reactive species such as NO, NO2, and O2. These reactive species most
likely lead to this pH change as literature shows that this is how plasma activated water can be
created using a plasma jet [35].
Biological Measurements
The plasma treatment was characterized as creating RONS with concentrations that were able to
create a pH change of ~6.78 after 20 min in 40 ml of water. Using the same treatment conditions
with a different activation time (30 secs) the roots and stems were treated separately. The treated
root growth rate was ~10% higher than the control roots, while the stem treated growth rate was
~8% higher than the control stems. It seems like the presence of water on and inside the roots
during treatment provided a change to them that led to a higher voltage drop when the plasma
grounded to it (4% voltage drop).It is noted in literature that the presence of water provides a
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different environment for chemical reactions to take place (specifically reactive species), as well
as changing the effects seen on biological organisms (not necessarily increasing growth, but
increasing the growth of different specific components of a larger body (i.e. trace components
increase a little more)). This further leads to thinking that different chemicals which can be
considered environmental or oxidative stressors (excited species) on the plants can lead to
different effects on growth and also specific localized areas of the plants as well (based on
concentration).
Extracted Oil
The oil extracted was relatively low at about 0.05% mass output from the mass of leaves. The
average highest antioxidant activity was achieved by the first plasma treatment was 81.98% and
the second plasma treatment was 81.31%. The second control treatment was 78.84% and the first
control treatment was 79.67%.
Table 10. Results relationship of Average Antioxidant Activity of oil and samples.

pH concentration and growth rate
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A small change in pH (~5%) correlated to an 8-10% increase in plant growth rate. It show be
noted that the roots of the basil plants looked much healthier and had a 10% growth rate increase.
pH concentration and Antioxidant Activity
Plant health and growth correspond to antioxidant activity within a plant. Antioxidant production
however can be stimulated by environmental parameters (oxidative gases). The RONS species
creating this 5% pH change would also be correlated to the average antioxidant activity being the
highest at 81.98% for treated plants. Control plants had a 1 - 2% average decrease in antioxidant
activity.
RONS species and growth rate
RONS species are short lived but can have effects such as cell division and cell signaling which
can correspond to growth rate. The growth rate of the roots remained higher throughout the
experiment and showed a healthier nature in photos. They had a higher growth rate than the stems.
It is hypothesized in work that the addition of liquid water to the gas phase plasma can change the
resulting chemistry of RONS species being created [34].
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Figure 23. Previous Illustration showing distinguishable differences in roots, supporting the idea of plasma localized
and global effects from treatment

The plasma jet produces small amounts of RONS, which are known environmental factors that can
cause a change/increase in the antioxidant components of plants, specifically basil. As the plants
were all grown together in the same conditions, and the only external factor was the plasma jet,
this leads to the relationship of the plasma treatment creating RONS which produce the desirable
effects on plants relating to growth rate.
Comparisons to other effects in the reference literature
This study also compared the different effects discovered here to other effects seen in literature
with plasma treatments similar to ours.
Paper #1 [36]: Adhikari, B.; Adhikari, M.; Park, G. The Effects of Plasma on Plant Growth,
Development, and Sustainability. Appl. Sci. 2020, 10, 6045. https://doi.org/10.3390/app10176045

52

This paper investigated the effect of plasma treatments on the roots of wheat (Triticum sp.) Their
results saw an accumulation of different RONS species which disturb the formation of
microtubules in root hairs by chemical signaling. Their conclusive notes focused on how using
plasma treatments as artificial sources of miniscule RONS concentrations, you can regulate
different processes (based on the different RONS being produced). They also stated this localized
treatment does not only have to be limited to the roots, but treatments of flowers, fruits, and
different parts of the plant.
Paper #2 [37]: Song J-S, Kim SB, Ryu S, Oh J and Kim D-S (2020) Emerging Plasma Technology
That Alleviates Crop Stress During the Early Growth Stages of Plants: A Review. Front. Plant Sci.
11:988. doi: 10.3389/fpls.2020.00988
Focusing on the specific papers they reviewed related to plasma treatments, it discusses how DBD
induces plant acclimation to stresses by inducing gene expression and chemical signaling within
the plant. A specific paper on wheat plants discusses that chemical signaling promotes an increase
in activity of antioxidants and defense related enzymes within the plant. There are a few papers
there discussing this effect in wheat seeds and seedlings. There were minimum exposure times of
0.25 min and maximum of 30 min in their review of papers. Power varied widely from 3 W to 300
W in some treatments. This gave support that the parameters of the plasma jet used in this study
were within and overlapped with some of the plasma jets and treatments present in the ones used
in this review.
Paper #3 [38]: Park, D. P. et al. Reactive nitrogen species produced in water by non-equilibrium
plasma increase plant growth rate and nutritional yield. Current Applied Physics 13, (2013).
This paper gave a review of how researchers characterized a plasma jet's RONS species in many
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ways including their pH. It gave a similar graph to Figure 14 showing an increase then decrease in
pH of water being treated with plasma, but at a much faster rate. This may be due to the difference
in plasma generation (as their plasma was a gliding arc which has a higher rate of reactive species
generation).
The culmination of this discussion showed the differences and commonalities between the
plasma agricultural treatment present in this study and other studies with similar low temperature
plasma treatments on various types of agriculture. Aspects of pH, growth rate, antioxidant activity
and electrical parameters were investigated, characterized, and compared. The growth of the roots
and also investigation into how plasma activated water plays its role were of great importance due
to prior research and literature confirming that plasma activated water promotes changes within a
plant’s biochemistry as well. Plant cells are composed of mostly water and understanding both the
hydrochemistry and regular chemistry of plasma agriculture treatments will lead to better
controlling the specific effects being observed in this field. Furthermore, repeated treatments
should be investigated for potential effects (good and bad) and determining optimum conditions
for specific plasma treatments.
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Chapter 9 – Conclusion
This study's purpose was to experimentally measure, characterize, and explain the effects of a
repeated plasma jet treatment on (basil) Oscium Bascilicum, as well as characterizing the plasma
jet being used and then comparing these effects to the effects seen from similar plasma jets in
literature. When comparing specific effects, there was overlap in characterization experimental
results seen here and in literature.
The nonthermal plasma jet produced similar chemical species to ones seen in DBD plasma
jets used for agricultural and medicinal treatments as stated in the discussion. These compounds
are various RONS species that are either created or can be sustained to produce concentrations that
have measurable effects. Some species are also used up immediately to create other RONS species
where they tend to want to not be in an excited state. These RONS species play many different
roles in biological processes, and of importance in plant physiology.
The effect of the treatment on the plant saw a change in the growth rate of plants that had
the biweekly treatment done on them. An ~ 8 - 10% distinction was found between control and
plasma treated plants, and this was explained and supported by literature evidence stating that
plasma treated plants (more focused on juvenile and singular plant treatments) experience contact
with these RONS species which can lead to regulation of different aspects of the plants including
growth rate, antioxidant molecule concentrations, gene expression, environmental resistance and
a host of others. Of particular focus was the measurement of % Antioxidant Activity (AA%) that
showed an increase of about 1 - 2% AA% of the treated plants, when tested using DPPH. While
there are not many papers looking specifically at basil plants, a change in antioxidant activity is

55

consistent with literature looking at antioxidant activity in various seeds and seedlings receiving a
plasma treatment.
From seeing these effects, it was hypothesized that these local treatments can have local
and global effects on plants. Of importance in these treatments are the treatment times and power
usage of the plasma jet. These observations are also noted in literature of importance in explaining
how the effects are best characterized to find optimum conditions for agricultural treatment.
Furthermore, an understudied effect would be the pH increased then decreased over time
of plasma treated water. While not necessarily the focus of this research study, it sparked interest
at the beginning of experimentation as the pH was expected to decrease for the duration of
treatment in water. While reference papers also note this effect, there should be research dedicated
to understanding what molecules play a role in this overall increase then decrease as to link the
chemical, biological, and physical understanding of the treatment.
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Appendix

61

Figure 12. These illustrations (a) and (b) represent the drop in voltage and current during treatments.
Figure 12 (a)

62

Figure 12 (b)

Figure 12 (b)
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Table 6. Shows the species identified from the various peaks found in the emission spectra.
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Figure 13. Emission spectra of APPJ at various frequencies
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Table 9. Chart of AA% using DPPH Assay on the samples of extracted oil.
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Figure 21. 2D Gas Chromatography of different samples showing the various peaks that were gathered from each
sample

67

Figure 22. Example library matches of mass spectra for various components in basil that matched specific peaks found in the gas
chromatography of the samples.
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